Disruption of cAMP response element (CRE)-dependent transcription has been hypothesized to contribute to neuronal death and dysfunction in Huntington's disease (HD) and other polyglutamine repeat disorders. Whether dysregulation of CRE-dependent transcription actually occurs in vivo in response to expression of expanded polyglutamine repeats has not been tested. We directly tested whether CRE-dependent transcription is affected in vivo by cross breeding a transgenic mouse model of HD (line R6/2) with a transgenic mouse that expresses a CRE-regulated reporter gene. Instead of compromised CRE-dependent transcription in HD mice, we found a robust upregulation of CRE-dependent transcription in several brain regions (striatum, hippocampus, cortex). CRE-mediated transcription was also evoked by striatal forskolin infusion and by photic stimulation in HD animals. Increased cAMP response element-binding protein (CREB) phosphorylation and elevated levels of the CREB-regulated gene product, CCAAT/enhancer binding protein ␤, were also found in HD mice. Significant alterations in CREB binding protein expression and localization were not observed in symptomatic R6/2 mice. Thus, rather than repressing CRE-mediated transcription, mutant huntingtin appears to facilitate transcription via a CREdependent mechanism in vivo.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder that is caused by an increased polyglutamine repeat domain in the huntingtin protein (The Huntington's Disease Collaborative Research Group, 1993) . Striatal degeneration and difficulty in controlling motor function are prominent features of this disease. The function of normal huntingtin is unknown, and the mechanism by which the increased glutamine repeat size (Ͼ37 repeats) in the huntingtin protein causes neurodegeneration is also not known. It has been proposed that mutant huntingtin-forming intranuclear inclusions interfere with transcription, and that aberrant transcriptional regulation could be an underlying component in HD and other polyglutamine repeat disease pathologies (McCampbell et al., 2000; Shimohata et al., 2000; Steffan et al., 2000 Steffan et al., , 2001 Holbert et al., 2001; Nucifora et al., 2001; Wyttenbach et al., 2001; Chai et al., 2002; Dunah et al., 2002; Kegel et al., 2002; Li et al., 2002; Luthi-Carter et al., 2002; Jiang et al., 2003) . In particular, inhibition of cAMP response element (CRE)-mediated gene transcription has been hypothesized to contribute to HD pathology (Kazantsev et al., 1999; McCampbell et al., 2000 McCampbell et al., , 2001 Shimohata et al., 2000; Steffan et al., 2000 Steffan et al., , 2001 Nucifora et al., 2001; Jiang et al., 2003; Taylor et al., 2003) . Alterations in CRE-mediated gene expression are thought to result from the ability of huntingtin to associate with, sequester, or trigger cAMP response element-binding protein (CREB) binding protein (CBP) degradation, although there have been conflicting reports (Yu et al., 2002) . Much of the work implicating altered CRE-dependent transcription has been performed using in vitro binding studies and cell culture transient transfection assays, and, thus, the effect of this interaction on CRE-dependent transcription in vivo remains unclear.
To directly test the hypothesis that mutant huntingtin expression and formation of intranuclear inclusions interferes with CRE-dependent transcription in vivo, we generated a doubletransgenic mouse that expresses mutant huntingtin and a CRE-␤-galactosidase reporter construct (Impey et al., 1996; Obrietan et al., 2002) . The HD line used to generate this double transgenic strain expresses exon 1 and ϳ150 glutamine repeats of human huntingtin (line R6/2) (Mangiarini et al., 1996) . This line exhibits a characteristic decline in motor function, weight loss, and formation of intranuclear inclusions; death occurs by 14 -15 weeks. The CRE transgenic line is a well established model system that has been used to explore the relationship between CREdependent transcription and a number of physiological and behavioral states (Impey et al., 1996 (Impey et al., , 1998 Obrietan et al., 1999; Barth et al., 2000) . Instead of the predicted decrease in CREdependent transcription in HD transgenic mice exhibiting intranuclear inclusions, we found a robust upregulation of CREdependent transcription in neurons of these double-transgenic mice.
Materials and Methods
Animals. HD transgenic mice (line R6/2; Jackson Laboratories, Bar Harbor, ME) (Mangiarini et al., 1996) were bred with CRE-␤-galactosidase reporter gene transgenic mice (obtained from Dr. Daniel Storm, University of Washington, Seattle, WA). Genotyping was performed as described previously (Mangiarini et al., 1996; Obrietan et al., 2002) . The Ohio State University Animal Care and Use Committee approved all surgical procedures. Brain tissue was collected and processed as described by Butcher et al. (2002) .
Immunohistochemistry and immunofluorescence. Free-floating sections were processed using the techniques described by Butcher et al. (2002) . The following primary antibodies were used: rabbit anti-␤-galactosidase (1:10,000, immunohistochemistry; 1:2000, immunofluorescence; Cortex Biochemicals, San Leandro, CA), rabbit anti-CBP (a-22; 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-ubiquitin (1: 500; Dako, Carpinteria, CA), mouse anti-human huntingtin, (mEM-48; 1:500; Chemicon, Temecula, CA), and mouse anti-neuronal nuclear antigen neuronal-specific nuclear protein (NeuN; 1:250; Chemicon). X-gal histochemistry was performed as described by Barth et al. (2000) .
All images were captured under identical settings using a 16-bit digital camera (Princeton Instruments, Trenton, NJ) connected to a Leica (Trenton, NJ) DMIRB microscope or a Zeiss (Nussloch, Germany) 510 Meta confocal microscope (Z section, 1 m) and analyzed using Metamorph (Universal Imaging Corporation, West Chester, PA). A macrobased routine was used to count diaminobenzidine-labeled cells in an area of fixed size. Cells were counted in three consecutive coronal sections per mouse, and the cell counts from each region were averaged. These data were then averaged for each genotype to arrive at the values used for genotype comparisons. For immunofluorescence analysis, the fluorescence intensity from each region was averaged for each animal (three sections per animal) and used for comparison between the genotypes. As noted previously (Impey et al., 1996; Barth et al., 2000) , ␤-galactosidase expression was not observed in all animals genotyped as CRE positive. We found that ϳ30% of the CRE-positive animals lacked ␤-galactosidase expression. Importantly, the absence of ␤-galactosidase expression was not concordant with the human huntingtin exon 1 (HTT)-positive (hd) genotype; both the hd and wild-type (wt, HTTnegative) lines had the same percentage of ␤-galactosidase nonexpressing animals. Tissues from animals that lacked ␤-galactosidase expression were not used.
Western blotting. Twenty micrograms of protein from each sample was electrophoresed using the procedures outlined by Butcher et al. (2002) . Antibodies against the following proteins were used: CBP (1:10000; Santa Cruz Biotechnology), ERK (extracellular signal-regulated kinase; 1:1000; Santa Cruz Biotechnology), CCAAT/enhancer binding protein ␤ (C/ EBP␤) (1: 5000; Santa Cruz Biotechnology), and anti-human huntingtin (1:5000; Chemicon). Triton X-100 soluble fractions were prepared as described previously (Yu et al., 2002) .
Cannulation. The technique described by Butcher et al. (2002) was used to implant mice with indwelling guide cannulas. Cannulas were placed in the striatum using the following coordinates: anterior, 1.0 mm from bregma; lateral, 1.45 mm from the midline; dorsoventral, Ϫ3.0 mm. Mice were cannulated at 6 weeks of age and infused 5 weeks later with 500 nL of forskolin (2 mM, diluted in 90% artificial CSF, 10% DMSO; Sigma, St. Louis, MO). A subset of animals was infused with bodipy-forskolin (2 mM; Molecular Probes, Eugene, OR). Tissue was collected 8 hr after infusion. Forskolin elicited a much more robust ␤-galactosidase signal than the basal expression signal examined above. To clearly differentiate these two signals, sections from forskolin-infused brains were underdeveloped so that only the forskolin-induced signal could be clearly observed.
Light-pulse protocol. Animals were dark adapted for 1 d and then exposed to light (500 lux, 60 min) 2 hr after the beginning of the subjective night. Animals were killed 8 hr after light-pulse onset. The diaminobenzidine development conditions described in the cannulation section were used to examine ␤-galactosidase expression.
Results
We identified double-transgenic mice by PCR for both HTT and the ␤-galactosidase reporter gene (CRE) (Fig. 1C) . All results reported here used mice between 11-12 weeks of age, comparing HTT-positive and HTT-negative (wild type) CRE transgenic mice. As expected, mice expressing both the HTT gene and the CRE transgene mice developed intranuclear inclusions (Fig. 1 A) and a decrease in brain size (Fig. 1 B) , as well as decreased body weight and shortened survival time paralleling the pathological changes observed in the parental R6/2 line.
Although there was widespread intranuclear inclusion formation in hd mice, a comparison of hd and wt mice revealed no differences in CBP subcellular localization ( Fig. 2A) . Rather, CBP labeling in hd mice was diffuse and exclusively nuclear, overlapping with the nuclear immunolabeling boundary formed by the neuronal nucleus-specific marker NeuN (data not shown). Although a punctate CBP expression pattern was detected in some nuclei, this pattern was similarly present in wt brains (Fig. 2 A) . Quantification of the fluorescence intensity of CBP labeling revealed no significant difference between hd and wt mice (Fig.  2 B) . Western analysis of the Triton X-100-soluble protein fraction revealed no difference in CBP expression between hd and wt mice (Fig. 2C) . These data reveal that CBP expression is not significantly reduced in hd animals. Confocal microscopy was also used to examine whether intranuclear inclusions depleted CBP levels (Fig. 2 D) . Quantification of CBP levels within and outside inclusions reveals no difference in CBP localization in hd mice.
Next, we examined whether mutant huntingtin may affect other events within the CREB-CRE transcriptional pathway. To this end, hd brain tissue was probed for the Ser-133 phosphorylated form of CREB. Phosphorylation of CREB at Ser-133 is a necessary step for CREB to stimulate CRE-mediated transcription (Gonzalez and Montminy, 1989) . Surprisingly, the phosphorylated state of CREB (pCREB) was significantly upregulated in hd animals (Fig. 2 E) (pCREB/ERK2 ratio was 0.44 Ϯ 0.07 in wt and 0.89 Ϯ 0.06 in hd brain tissue; n ϭ 3 mice per group; p Ͻ 0.01; Student's t test). If the elevated level of CREB phosphorylation in hd animals is physiologically relevant, it follows that CREBregulated genes may also be upregulated in hd animals. To address this issue, expression of the CREB-regulated gene product C/EBP␤ (Niehof et al., 1997) was assessed. In accordance with the pCREB data, C/EBP␤ expression was significantly increased in hd animals (Fig. 2 F) (C/EBP␤/ ERK2 ratio was 0.57 Ϯ 0.03 in wt and 1.2 Ϯ 0.18 in hd brain tissue; n ϭ 3 mice per group; p Ͻ 0.05; Student's t test).
To directly test whether CRE-dependent transcription was altered in symptomatic hd mice, the expression of the CRE-regulated ␤-galactosidase reporter construct was examined. Consistent with the increased pCREB and C/EBP␤ levels, we found that hd mice had an upregulation in the number of cells that express the reporter gene compared with wt mice. Prominent increases were observed in the cortex as well as in the dentate gyrus and areas CA1 and CA3 of the hippocampus. Notably, CREmediated gene expression was also elevated in the striatum, the brain region most severely effected by HD (Fig. 3 A, B) . We confirmed that the ␤-galactosidase antibody was specific by comparing its staining pattern with another ␤-galactosidase detection method, X-gal enzyme histochemistry. These two detection methods gave similar staining patterns (Fig. 3C) , thus supporting the specificity of the immunohistochemical staining technique. At the antibody concentration used, background labeling was not detected in nontransgenic C57/Bl6 mice.
Although these results reveal that CREmediated gene expression occurs in hd animals, the phenotype of the ␤-galactosidase-expressing cells was not known. To determine whether CREmediated transcription occurred in neurons, hd brain tissue was double labeled for ␤-galactosidase and NeuN expression. Figure 3D reveals the colocalized expression of ␤-galactosidase and NeuN, indicating that CRE-mediated gene expression occurs in neurons during the later stages of HD. To determine whether CRE-dependent transcription occurs in cells with intranuclear huntingtin inclusions, tissue from symptomatic hd animals was colabeled for inclusions and ␤-galactosidase. Inclusions were labeled using a huntingtin antibody (mEM-48) . Figure 3E shows that robust ␤-galactosidase expression is readily detected in neurons containing intranuclear inclusions. Collectively, these data indicate that CRE-dependent transcription is not suppressed but rather enhanced in hd mice. Furthermore, these data indicate that the development of intranuclear inclusions does not limit the ability of neurons to stimulate transcription via a CRE-dependent mechanism.
Finally, two approaches were used to examine inducible CREmediated gene expression in hd mice. The goal of these experiments was to determine whether HD-dependent alterations in cellular signaling pathways may affect the capacity of a stimulus to couple to CRE-mediated gene expression. In the first approach, mice were implanted with indwelling guide cannulas aimed at the striatum, and the adenylyl cyclase agonist forskolin was infused. Administration of forskolin triggered a robust in- Figure 2 . CBP expression in hd and wt brain sections. A, Coronal sections (STR, striatum; CTX, piriform cortex) were labeled by immunofluorescence using an antibody to CBP. Scale bar, 50 m. B, Corresponding sections from hd and wt mice were analyzed for fluorescence intensity of CBP labeling. No significant difference in the fluorescence intensity of CBP labeling between the two lines was observed (n ϭ 5 mice per genotype; mean Ϯ SEM). C, Western analysis revealed that equivalent levels of detergentsoluble CBP (hd vs wt) were detected. Tissue from individual mice was run, two lanes per genotype. D, CBP (red) was not concentrated within intranuclear inclusions (green). CBP immunofluorescence was quantified within regions containing inclusions and in nuclear regions lateral to inclusions. Analysis was only performed on cells with inclusions (n ϭ 88 cells). E, pCREB levels are increased in hd mice. Each lane represents extracts from individual mice in this Western blot. As a protein-loading control, the blot was stripped and probed for total ERK expression. F, Expression of the CREB-regulated gene, C/EBP␤, was also increased in hd mice, as revealed by Western analysis.
crease in CRE-mediated gene expression within the region surrounding the tip of the guide cannula. Marked increases in ␤-galactosidase expression were observed in both hd and wt mice (Fig. 4 A, B) . A fluorescent forskolin conjugate (bodipyforskolin) was used to approximate the region of forskolin diffusion (Fig. 4C) . ␤-galactosidase expression colocalized with the neuronal marker NeuN (Fig. 4 D) , indicating that forskolin stimulated CREdependent transcription in neurons. In the second approach, mice were exposed to light during the night. Photic stimulation has been shown to stimulate CREmediated gene expression in the suprachiasmatic nucleus (SCN) (Obrietan et al., 1999) , the locus of the circadian clock. To determine whether this noninvasive exogenous stimulus triggers CRE-mediated gene expression, hd animals were exposed to light during the early part of the night. Relative to control animals, light exposure triggered a marked increase in CREdependent transcription in the SCN (Fig.  4 E, F ) . Control experiments verified that intranuclear huntingtin inclusions are located within the SCN (data not shown). These data indicate that hd animals possess the cell surface receptors and intracellular signaling machinery required to couple an extracellular signal to CREmediated gene expression.
Discussion
Although there are well documented alterations in the expression pattern of a large number of genes in HD transgenic mice (Luthi-Carter et al., 2002) , the causative nature of these changes remains elusive. Recent work has suggested that aberrant transcriptional regulation plays a central role in the pathological development of HD. Prominent among these studies was work showing that sequestration of CBP interrupts CRE-mediated transcription (Nucifora et al., 2001) in vitro. Here, we addressed the specific question of whether CRE-dependent transcription is modified by mutant huntingtin expression and aggregation in a symptomatic mouse model of HD. We were surprised to find that, in contrast to the predicted result that CRE-dependent transcription would be decreased, there was an increase in CRE-dependent reporter gene expression in hd mice.
There are a number of possible explanations for the discrepancy between our results and those reported previously. Previous studies used transient transfection techniques to overexpress mutant huntingtin in cultured cells (McCampbell et al., 2000; Shimohata et al., 2000; Steffan et al., 2000; Nucifora et al., 2001; Wyttenbach et al., 2001; Chai et al., 2002; Jiang et al., 2003) . An acute accumulation of high mutant huntingtin levels could trigger effects not observed in vivo. For example, in an overexpression system, there may be a sufficient interaction between weakly associating proteins, such as huntingtin and CBP (Steffan et al., 2000) , that a pathophysiological state is created. Likewise, rapid aggregate formation may sequester proteins so quickly that the transcription-translation machinery of the cell may not be able to compensate. In this regard, the R6/2 transgenic mouse may be a better tool to model HD. Along these lines, the R6/2 line expresses mutant human huntingtin at physiological levels, ϳ75% of the endogenous mouse huntingtin level (Mangiarini et al., 1996) . Thus, although in a cell culture system there may be a measurable disruption in CBP function-expression and CRE-dependent transcription, when the system is reconstituted in vivo, this inhibitory effect is lost.
The upregulation of CRE-dependent transcription in hd transgenic mice is intriguing. It has been reported that NMDA receptor-mediated signaling may be enhanced in neurons from HD transgenic mice. This increased excitatory signaling could contribute to the increased pCREB levels, which in turn would facilitate both ␤-galactosidase and C/EBP␤ expression. As a plasticity-associated transcriptional pathway that drives the expression of a number of cell survival and antiapoptotic genes (Impey and Goodman, 2001; West et al., 2001; Lonze and Ginty, 2002) , CRE-mediated transcription may also be elevated as a compensatory response to the pathophysiological state created by HD. It should be noted that we have not excluded the possibility that other transcriptional pathways, such as those mediated by Sp1, p53, and REST-NRSF, may be affected by the polyglutamine-expanded form of huntingtin (Steffan et al., 2000; Dunah et al., 2002; Zuccato et al., 2003) and thus contribute to changes in expression of the various genes in HD. Furthermore, the histone acetylase function of CBP was not addressed in our study. Huntingtin has been shown to interact with the acetyltransferase domain of CBP ) and diminish its inherent acetyltransferase activity. The effects of altering acetyltransferase activity are likely to be multifaceted, influencing a wide array of both cellular signaling and transcriptional events. In this regard, it is interesting to note that changing the relative level of acetylation has been shown to facilitate the expression of some CREB-dependent genes and repress the expression of other genes (Fass et al., 2003) .
The data presented here, showing normal CBP distribution and a functional CRE signaling cassette in mice with advanced stage HD, raise doubts about the role of CRE-mediated gene expression in the etiology of the disease. Rather, the work reported here reveals an upregulation of CRE-dependent transcription in HD transgenic animals. The mechanism(s) underlying this increase in CRE-dependent transcription in HD transgenic mice requires additional study. The red asterisks indicate the infusion sites. C, A fluorescent forskolin conjugate (bodipy-forskolin) was used to approximate the drug diffusion range. In this representative coronal brain section, yellow fluorescence reveals the site of infusion and the diffusion pattern of bodipy-forskolin. NeuN immunostaining (red) is the counter label. D, Colocalization of ␤-galactosidase (green) with NeuN (red) reveals that forskolin elicited CRE-mediated gene expression in neurons. This photomicrograph was captured ϳ100 m from the infusion site. E, F, Light stimulates CRE-mediated gene expression in the SCN of hd mice. Relative to control animals not exposed to light ( E), photic stimulation ( F) elicited ␤-galactosidase expression within the retinoreceptive region of the SCN. OC, Optic chiasm; 3V, third ventricle.
